The Ca 21 -transport activity and intracellular localization of the translation product of cDNA for mung bean Ca 21 /H 1 antiporter (VCAX1) were examined. When the cDNA was expressed in Saccharomyces cerevisiae that lacked its own genes for vacuolar Ca [11, 12] and plastid [13] membranes. At present, the intracellular distribution of each molecular species is not clear. Without knowing the exact intracellular localization of the antiporter, we cannot understand its cellular function and the contribution of vacuoles to homeostasis in plant cells. The physiological significance of the presence of two different antiporters in plant cells also needs to be clarified.
in cell organelles have been reported to be essential for molecular cell biological processes, such as folding and sorting of proteins in the lumen of ER and Golgi apparatus [5] . Therefore, information about the molecular machinery of Ca 21 active transport is necessary to understand the mechanism by which low [Ca 21 ]cyt and high Ca 21 concentrations in the intracellular Ca 21 stores are maintained. The Ca 21 
/H
1 antiporter plays a key role together with Ca 21 -ATPase in the accumulation of Ca 21 in vacuoles which constitute the primary pool of Ca 21 among several organelles of plants [1] . The Ca 21 /H 1 antiporter is driven by a pH gradient generated by vacuolar proton pumps [6, 7] . Molecular cloning of the antiporters from Saccharomyces cerevisiae [8] , Arabidopsis thaliana [9] and mung bean [10] revealed that the antiporter is a highly hydrophobic protein with an acidic motif in the centre. The deduced sequences have relatively high identity between the two plant species, although another type of Ca 21 /H 1 antiporter (CAX2p) has been cloned for A. thaliana in addition to the high-capacity antiporter (CAX1p) [9] . The Ca 21 /H 1 antiporter has been detected not only in the vacuolar membrane but also in the plasma [11, 12] and plastid [13] membranes. At present, the intracellular distribution of each molecular species is not clear. Without knowing the exact intracellular localization of the antiporter, we cannot understand its cellular function and the contribution of vacuoles to homeostasis in plant cells. The physiological significance of the presence of two different antiporters in plant cells also needs to be clarified.
In this study we focused our attention on the function of the translation product of cDNA for the antiporter from mung bean, VCAX1 [10] , and its localization in plant cells. By heterologous expression in S. cerevisiae, we directly confirmed that the cDNA (VCAX1) encodes a functional Ca 21 /H 1 antiporter. A specific high-affinity antibody could be obtained by immunization of the recombinant protein purified from VCAX1-transformed S. cerevisiae. Using this antibody, we determined the intracellular location of VCAX1p by two different systems: immunological detection in organelles fractionated from mung bean hypocotyls; fluorescent microscopic observation of the fusion protein of VCAX1p with a green fluorescent protein (GFP) expressed in tobacco cells. In addition to the Ca 21 transport activity and intracellular localization of VCAX1p, the multimeric structure is also discussed.
M A T E R I A L S A N D M E T H O D S

Yeast strains
S. cerevisiae strains K665 MATa (vcx1D, pmc1::TRP1, ade2-1, can1-100, his3-11,15, leu2-3, 112, tryp1-1, ura3-1 ) [8] and BJ5459 MATa (tryp1, lys2-801, leu2-1, his3-200, can1, ura3-52, pep4::HIS3, prb-1.6R) were used [14] .
Expression of VCAX1 in yeast
The cDNA encoding the entire VCAX1 was amplified by PCR using primers containing EcoRI or SalI restriction sites. The resulting fragment was inserted in the EcoRI/SalI site of the yeast±E. coli shuttle vector pKT10 [15] . To generate a Histagged variant on pKT10, the cDNA fused with a sequence coding six consecutive histidines at the 3 H end on pET23b (Clontech) was used as a template for PCR, and then the fragment (VCAXH6) was inserted into pKT10. The constructs were introduced into S. cerevisiae by the LiOAc/PEG method [16] and grown in AHCW/Glc medium (0.17% yeast nitrogen base without amino acid, 0.5% ammonium sulfate, 1% casein hydrolysate, 0.002% adenine sulfate dehydrate, 0.002% tryptophan, 50 mm potassium phosphate, pH 5.5, 2% glucose). Strain BJ5459 was transformed with pKVCAXH6. Strain K665 was transformed with pKT10, pKVCAX, pKVCAXH6, and pKC98 which contains a genomic DNA VCX1 (Ca 21 
/H
1 antiporter of S. cerevisiae) on a pRS316 vector [17] .
Calcium tolerance assay
Yeast strains, K665 transformed with pKT10, pKC98, pKVCAX, pKVCAXH6, were inoculated into the AHCW/Glc medium and grown overnight at 30 8C. Cell suspensions were diluted 100-fold in YPD medium supplemented with 40 mm Mes/ Tris, pH 5.5, and 02200 mm CaCl 2 , and grown in microplates at 30 8C with shaking. The D 600 was measured with a microplate spectrophotometer.
Membrane preparation from yeast
To prepare crude microsomes, cell cultures were grown to midexponential phase in AHCW/Glc medium and harvested. After incubation for 10 min in 0.1 m Tris/HCl, pH 9.4, containing 50 mm 2-mercaptoethanol and 0.1 m glucose at 30 8C, cells were digested with Zymolyase 20T (Seikagaku Kogyo Co., Tokyo, Japan) at 0.5 mg´mL 21 in 50 mm Tris/Mes, pH 7.6, containing 0.9 m sorbitol, 0.1 m glucose, 5 mm dithiothreitol, 0.17% yeast nitrogen base, and 0.25 Â dropout solution [16] for 1 h at 30 8C with gentle shaking. The resulting spheroplasts were washed once with ice-cold 1 m sorbitol and suspended in 50 mm Tris/HCl, pH 7.5, containing 1.1 m glycerol, 1.5% PVP (molecular mass 40 kDa), 5 mm EGTA, 1 mm dithiothreitol, 0.2% BSA, 10 mm ( p-amidinophenyl)methanesulfonyl fluoride, 1 mg´L 21 leupeptin, and 2 mg´mL 21 pepstatin. The suspension was homogenized with a Teflon homogenizer and centrifuged at 2000 g for 10 min. The supernatant was centrifuged at 10 000 g for 30 min. The resulting precipitate was washed with 5 mm Tris/HCl, pH 7.5, containing 0.3 m sorbitol, 5 mm MgCl 2 , 1 mm dithiothreitol, 10 mm ( p-amidinophenyl)methanesulfonyl fluoride, 1 mg´L 21 leupeptin, and 2 mg´mL 21 pepstatin, and resuspended in the same buffer. The preparation was subjected to the following analysis as microsomes.
Purification of recombinant VCAX1p
The transformant of S. cerevisiae pKVCAXH6/BJ5459 was grown to a stationary phase in AHCH/Glc medium. Cells were homogenized with a Bead-Beater (model 1107900; Biospec Products Inc.), and microsomes were prepared as described above. The microsome fraction was treated with 2% (w/v) sucrose monocaprate in 20 mm Tris/HCl, pH 8.0, containing 20% glycerol, 0.5 m NaCl, 5 mm imidazole, 10 mm ( p-amidinophenyl)methanesulfonyl fluoride, 1 mg´L 21 leupeptin, and 2 mg´L 21 pepstatin (Tris/GNI buffer). The insoluble materials were removed by centrifugation at 150 000 g for 1 h. The supernatant was mixed with Talon metal affinity resin (Clontech) equilibrated with Tris/GNIT buffer (Tris/GNI buffer containing 0.1% Triton X-100) and then incubated for 10 min at 4 8C. After the resin had been washed with the Tris/GNIT buffer, the His-tagged recombinant protein was eluted with the same buffer containing 50 mm imidazole. For further purification, the eluate was subjected to SDS/PAGE and electroelution from the gel.
Immunoblotting
The isolated recombinant proteins (1 mg His-tagged VCAX1p) were mixed with adjuvant and injected into rabbits to obtain polyclonal antibodies to VCAX1p. The IgG fraction prepared from the antiserum was used for immunoblotting as antiVCAX1p IgG. Polyclonal antibodies to mung bean vacuolar H 1 -pyrophosphatase (V-PPase) were prepared as described previously [18] . Polyclonal antibodies to maize plasmamembrane H 1 -ATPase and pumpkin BiP (a binding protein in the endoplasmic reticulum lumen) were kindly provided by T. Sugiyama of Nagoya University and M. Nishimura of The National Institute for Basic Biology, Okazaki, Japan, respectively. SDS/PAGE was performed in 12% gels. Immunoblotting was carried out with a poly(vinylidene difluoride) membrane (Millipore) by the standard procedure [19] . Protein A conjugated to horseradish peroxidase was used to detect the IgG on the immunoblot. Antigens on the membrane were detected by ECL or ECL plus a Western-blot detection kit (Amersham Pharmacia Biotechnology).
Cross-linking of VCAX1p in the membrane
Microsomes from the pKVCAX/BJ5459 strain and vacuolar membranes from mung bean were washed with 20 mm Hepes/ NaOH, pH 7.5, containing 50 mm KCl, 1 mm EDTA, and 10 mm ( p-amidinophenyl)methanesulfonyl fluoride, and then resuspended in the same buffer. An aliquot of the preparation (4±5 mg´mL 21 ) was incubated with various concentrations of ethylene glycol bis(succinimidyl succinate) dissolved in dimethyl sulfoxide for 30 min at room temperature. The reaction was stopped with 50 mm Tris/HCl, pH 7.5. After an additional incubation for 30 min, the membranes were subjected to SDS/PAGE and immunoblotting. A size marker kit of Daiichi III (Daiichi Pure Chemicals Co.) and a high-molecularmass SDS calibration kit (Amersham Pharmacia Biotech) were used as the molecular-mass standards. VCAX1p and its cross-linking product were detected by immunoblotting with anti-VCAX1p IgG.
Separation of endomembranes from mung bean seedlings
Vacuolar membranes were isolated from hypocotyls of etiolated mung bean (Vigna radiata cv. Wilczek) seedlings [18] . For A LDEN centrifugation analysis, the crude microsomal fraction was also prepared as follows. Hypocotyls were homogenized in buffer containing 0.25 m sorbitol, 50 mm Tris/HCl, pH 7.5, 1 mm EGTA, 1.5 mm EDTA, 2 mm dithiothreitol, and 10 mm ( p-amidinophenyl)methanesulfonyl fluoride. The homogenate was filtered through cheesecloth and the filtrate centrifuged at 10 000 g for 10 min. The supernatant was put on a 50% (w/w) sucrose cushion and centrifuged in an SW28 rotor (Beckman) at 100 000 g for 1 h. Microsomes at the interface between the two solutions were collected and diluted with buffer A (20 mm Tris/HCl, pH 7.5, 0.5 mm EGTA, 1.5 mm EDTA, 2 mm dithiothreitol, and 10 mm ( p-amidinophenyl)methanesulfonyl fluoride). The suspension was overlaid on 10 mL of 20245% (w/w) sucrose gradient in buffer A and centrifuged in an SW41 rotor at 100 000 g for 18 h. The gradient was separated into 0.6-mL fractions, Ca
21
-transport activity was measured, and immunoblot analysis performed with antibodies to marker proteins. If required, MgCl 2 was added to the homogenization buffer and sucrose solutions instead of EDTA to a final concentration of 1.5 mm.
Assay of enzymes
The activities of PPase [18] , NADPH±cytochrome c reductase [20] , Triton-stimulated IDPase [20] , and vanadate-sensitive ATPase [20] were measured as described previously. Ca 21 transport into the membrane vesicles was measured by the filtration method as described previously [10] , with some 21 was added to a concentration of 100 mm. After incubation at 25 8C, aliquots were removed and filtered through a nitrocellulose filter. The filter membrane was washed twice with 0.2 mL ice-cold 5 mm Mes/ Tris, pH 7.2, containing 0.3 m sorbitol, 25 mm KCl, and 1 mm CaCl 2 . The radioactivity associated with the filter was measured with a liquid-scintillation counter. The background values resulting from incubation without ATP were subtracted from corresponding values in the presence of ATP.
Expression of a fusion protein of green fluorescent protein (GFP) and VCAX1p in tobacco cells
To construct a fusion protein of GFP and VCAX1p, the 3 H end of the synthetic (s)GFP sequence was linked to VCAX1. The clone for the sGFP S65T mutant was kindly provided by Dr Yasuo Niwa of Shizuoka Prefectural University [21] . The VCAX1 sequence of the Bgl II±EcoRI fragment was subcloned into the Bgl II±EcoRI site of pSGFP-BE. The NotI±KpnI fragment which contains chimeric genes was inserted into the NotI±KpnI site of the Ti-plasmid pMAT137 (a gift from K. Matsuoka, Nagoya University, Japan). In both cases, stable transformation of Nicotiana tabacum cv. BY-2 cells mediated was added at 0 min at a concentration of 100 mm. Calcium ionophore A23187 was added at 11 min to a concentration of 5 mm. The data are given as means^SD for two experiments, each with duplicate assays. 
A LDEN
by Agrobacterium tumefaciens (strain EHA101) was carried out as described by Matsuoka & Nakamura [22] . Transformed BY-2 cells (sGFP±VCAX1p) were subcultured for 4 days, and then the GFP fluorescence of the cells was imaged using a 40Â lens under a BioRad MRC-1024 inverted confocal laser-scanning microscope attached to a Zeiss Axioplan 2 equipped with an internal argon laser (25 mW) and an external green helium/neon laser (1 mW). GFP fluorescence was imaged using excitation with the 488-nm line of the argon laser, a DM400 dichroic mirror, and a filter set of BP470±490 (excitation) and BA515±550 (emission).
To determine the intracellular localization of the fusion protein by immunoblotting, the transformed cells subcultured for 5 days were homogenized in buffer containing 0.45 m sucrose, 50 mm Tris/Mes, pH 7.3, and 2 mm dithiothreitol with a digital homogenizer. The homogenate was filtered 
with Miracloth and centrifuged at 10 000 g for 10 min. The preparation of the crude membrane fraction and sucrosedensity-gradient centrifugation were performed as described above. After centrifugation, the gradient was divided into 0.65-mL fractions and used for enzyme assay and immunoblotting.
R E S U L T S
Functional expression of VCAX1 in yeast
The cDNA for the mung bean Ca
21
/H 1 antiporter (VCAX1 ) encodes a 444-amino-acid protein [10] . To examine the Ca 21 -transport activity of its translational product, VCAX1 was introduced into S. cerevisiae strain K665 deleted for both vacuolar Ca 21 
/H
1 antiporter (VCX1 ) and vacuolar Ca 21 -ATPase (PMC1). This strain is intolerant of high concentrations of Ca 21 in the growth medium, and CaCl 2 at 38 mm causes a 50% decrease in relative growth rate [8] . In the present experiment, VCAX1 and a His-tagged variant (VCAXH6) were inserted between the yeast glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter and terminator of a pKT10 yeast±E. coli shuttle vector that contained a 2-mm ori [15] (Fig. 1 ). K655 strains with pKVCAX and pKVCAXH6 restored the growth rate in growth medium supplemented with high CaCl 2 , and it was indistinguishable from that of pKC98-VCX1-transformed K665 cells (Fig. 2) . This suggests that both VCAX1p and VCAXH6p functioned in the transformed strain.
Subsequently, the microsomal membrane fraction was prepared from the pKVCAX1-transformed cells and assayed for Ca 21 uptake in order to demonstrate Ca 21 -transport activity of VCAX1p. The membranes from VCAX1-transformed cells, but not from the vector-transformed cells, exhibited ATP-dependent Ca 21 accumulation in the vesicles in a time-dependent manner (Fig. 3) . Ca 21 accumulated in the vesicles from VCAX1-transformed cells was completely released immediately after addition of A23187, a Ca 21 ionophore, and the Ca 21 accumulation was completely inhibited by bafilomycin A1, a specific inhibitor of vacuolar H 1 -ATPase (V-ATPase). This reflects the fact that Ca 21 transport into the membrane vesicles from VCAX1-transformed cells depends on the pH gradient generated by V-ATPase. The apparent maximal velocity of the antiport activity (1 nmol´min 21´m g
21
) detected in the crude membrane of the yeast strain was lower than that of mung bean vacuolar membrane (21 nmol´min 21´m g 21 ). This low activity may be due to the amount of VCAX1p expressed in the yeast strain and the specificity of the membrane preparation.
Purification of recombinant VCAX1p and antibody preparation
To prepare the antibodies specific to VCAX1p, we expressed the His-tagged VCAX1 (VCAXH6) in the BJ5459 strain, which lacks vacuolar proteinases, to avoid proteolytic degradation [14] . The recombinant VCAXH6 protein (VCXH6p) was solubilized with sucrose monocaprate, and then partially purified on an affinity column of Co 21 resin (Fig. 4A) . The amount of antiporter expressed in S. cerevisiae was < 1% of the total protein in the crude membrane fraction. We could obtain < 1 mg purified VCAXH6p from 1 g microsome, and this was used for the antibody preparation. The relative amount of VCAX1p in the cells was constant from the mid-exponential phase to the steady state of growth (data not shown), although the band corresponding to VCAX1p was not discernible in a silver-stained gel (Fig. 4B, lanes 1 and 2) . The anti-VCAX1p IgG obtained reacted with a 40-kDa protein in the lysate of VCAX1-transformed cells (Fig. 4B, lane 4) . There was no significant difference in the apparent molecular mass between the membrane fractions of VCAX1-transformed cells and mung bean hypocotyls (Fig. 4B, lanes 4 and 5) . Thus, we concluded that the antibody was specific to mung bean VCAX1p.
Oligomeric structure of VCAX1p
Ca 21 
/H
1 antiporter activity in the mung bean vacuolar membrane exhibited sigmoidal dependence on the concentration of Ca 21 as described previously [10] . As sigmoidal kinetic behavior generally reflects co-operative interaction of multiple subunits, we examined the tertiary structure of VCAX1p. Proteins of the vacuolar membrane were cross-linked with a cross-linker [ethylene glycol bis(succinimidyl succinate); spacer arm length, 1.61 nm]. The immunoblot with anti-VCAX1p IgG gave a broad band at 76 kDa (band a) in addition to the original band of 42 kDa (band b) as shown in Fig. 5A . The proteins were not cross-linked randomly, because the trimeric form of the enzyme was not detected on the immunoblot. The intensity of the cross-linked products was dependent on the concentration of the cross-linking reagent (lanes 125). The same experiment was carried out for microsomal membranes from VCAX1-transformed cells (Fig. 5B) . A broad band of < 83 kDa (band a) was detected in addition to 44-kDa and 42-kDa bands (bands b H and b). The 44-kDa band was not detected in the mung bean vacuolar membrane. The peptide-specific antibodies against the N-terminal region of VCAX1p and His 6 also recognized both the 44-kDa and 42-kDa bands. Thus, the two proteins represented by bands b and b H retained the N-terminal and C-terminal parts of VCAX1p. The cross-linked product was larger than that of mung bean vacuolar membranes. These differences may be due to the chemical modification of VCAX1p, such as phosphorylation and/or glycosylation, occurring in yeast cells, although a possible interaction of VCAX1p with other proteins in the membranes cannot be excluded. These 
Intracellular distribution of VCAX1p in mung bean
The crude membrane fraction prepared from mung bean hypocotyls was further separated by isopycnic density-gradient centrifugation in the presence or absence of Mg
21
, and then the distribution of VCAX1p and the marker enzymes was examined. The activities of H 1 -PPase (a marker for the tonoplast), IDPase (a marker for the Golgi apparatus), NADPH±cyt c reductase (a marker for the ER), and vanadate-sensitive ATPase (a marker for the plasma membrane) were assayed (Fig. 6A) . Furthermore, the distribution of other marker enzymes and proteins, such as H 1 -PPase for the vacuolar membrane [18] , BiP for the ER [23] , and plasma-membrane H 1 -ATPase, were analyzed by immunoblotting with specific antibodies (Fig. 6B) . VCAX1p did not cofractionate with the marker enzymes of the ER or plasma membrane. It was detected mainly in fractions 7212 in both the absence and presence of Mg 21 . Fractions 7210 corresponded to the vacuolar membrane, as judged by the distribution of H 1 -PPase. The marker enzyme of the Golgi apparatus also sedimented in fractions 9211. Therefore, it is thought that VCAX1p is localized not only in the vacuolar membrane but also in the membrane of the Golgi apparatus.
Subcellular localization of VCAX1p expressed in tobacco cells
The localization of VCAX1p on the vacuolar membrane was confirmed by the heterologous expression of VCAX1p in a suspension of tobacco cells. We constructed a chimeric gene for the fusion protein with GFP. In this experiment, the VCAX1 sequence was fused at the C-terminus of sGFP and introduced into tobacco BY-2 cells via Ag. tumefaciens to express the fusion protein under the control of the CAMV 35S promoter. In the case of BY-2 cells, many vacuoles were generally observed in a single cell, as described previously [24] . Confocal imaging of GFP fluorescence emitted from transformed cells revealed that sGFP±VCAX1p is localized in the vacuolar membrane and small vesicles (Fig. 7) . Although it is impossible to distinguish the Golgi apparatus from the ER in this figure, the small vesicles appear to be the Golgi apparatus, because the subfractionation of the crude membrane fraction of mung bean did not suggest the localization of the protein in the ER membrane (Fig. 6) . No green fluorescence was detected on the plasma membrane, nuclear envelopes or free cytosol.
To confirm the vacuolar membrane localization of the fusion protein, the crude membrane fraction of tobacco cells was subjected to sucrose-density-gradient centrifugation and immunoblotting with anti-VCAX1p IgG (Fig. 8) . The antibody recognized a 70-kDa protein which is consistent with the sum of sGFP (28 kDa) and VCAX1p (42 kDa). The distribution of the fusion protein (fractions 326) was paralleled by that of a vacuolar membrane marker (V-PPase), but not with that of BiP or plasma-membrane H 1 -ATPase (Fig. 8B) . Also, the peak fractions of the fusion protein did not overlap with that of the detergent-stimulated IDPase activity (Fig. 8A) . Thus, sGFP± VCAX1p was localized mainly in the vacuolar membrane in BY-2 cells.
D I S C U S S I O N
The aim of this work was to demonstrate directly the Ca 21 -transport activity of the VCAX1 translation product. The Ca 21 /H 1 antiport activity of VCAX1p was demonstrated in a heterologous expression system. The expression of VCAX1 in the S. cerevisiae vcs1 pmc1 mutant complemented the function of its own Ca 21 
/H
1 antiporter and Ca 21 -ATPase (Fig. 2) . Membranes prepared from the VCAX1-transformed strain contained VCAX1p that can be immunologically recognized with antibody to VCAX1p (Fig. 4) . Also, the membrane fraction exhibited proton-gradient-dependent Ca 21 -uptake activity (Fig. 3) . Previously, Hirschi et al. [9] succeeded in functionally expressing Arabidopsis CAX1. The present experiment is a direct demonstration of Ca 21 -transport activity of the translation product of the antiporter cDNA in the isolated membrane fraction. Modification of the antiporter with His 6 did not affect the Ca 21 -transport activity. The His-tagged VCAX1p was also functional in the transformed yeast and recovered in the microsomal fraction.
We wanted to determine whether the native antiporter existed as a monomer or multimer. We have previously determined the oligomeric structure of the Ca 21 
1 antiporter from the sigmoidal kinetic properties of Ca 21 transport [10] . The present experiment with a cross-linking agent suggests that VCAX1p exists at least as a dimer in the membrane of mung bean and the VCAX1-transformed S. cerevisiae strain. We think that mung bean Ca 21 
1 antiporter forms a homodimer, because there is a single copy of VCAX1 in the mung bean genome, as mentioned previously [10] . Other cation transporters, such as mammalian Na Another purpose of the present study was to determine the intracellular localization of VCAX1p. We previously demonstrated that it exists at least in the vacuolar membrane but we did not examine any other membranes [10] . In this study, VCAX1p was immunologically detected not only in the vacuolar membrane of mung bean but also in the more dense fractions that appeared to include the Golgi apparatus (Fig. 6) . Ca 21 
1 antiport activity has been detected in plastid membranes [13] . In our experiments, the antibody to mung bean VCAX1p did not react with any proteins in mung bean plastids or A. thaliana chloroplasts (data not shown). The primary structure of chloroplast Ca 21 /H 1 antiporter may be quite different from VCAX1p.
The vacuolar membrane location of VCAX1p was confirmed by the expression of sGFP-tagged VCAX1p in tobacco cells. This is a useful system for morphologically identifying the localization of proteins, although it should be noted that, in this experiment, the sGFP±VCAX1 fusion protein was expressed under artificial conditions. The sGFP-tagged protein was clearly observed in the vacuolar membrane under a fluorescent microscope (Fig. 7) . The green fluorescence was observed predominantly in the vacuolar membrane but not in the plasma membrane or nuclear envelope. The green fluorescence came from the fusion protein and not free sGFP, because the sGFP±VCAX1 fusion protein in the membrane was detected as a 70-kDa protein in an immunoblot with anti-VCAX1p IgG (Fig. 8) . The value is consistent with the sum of VCAX1p (42 kDa) and sGFP (28 kDa) in SDS/PAGE. The distribution of the antiporter was clearly paralleled by the vacuolar membrane marker V-PPase. The amount of VCAX1p recovered in the Golgi apparatus was not large, if it existed there at all. The results demonstrate that VCAX1p is mainly localized in the vacuolar membrane.
The presence of VCAX1p in the Golgi apparatus was suggested from both the immunoblot analysis with anti-VCAX1p
IgG after subcellular fractionation and the fluorescence microscopic observation of the sGFP-tagged VCAX1p in tobacco cells. We could not obtain conclusive evidence for the Golgi localization of the Ca 21 /H 1 antiporter. Judging from the amount of the Ca 21 /H 1 antiporter detected in the immunoblot (Fig. 7) , the antiporter in the Golgi apparatus may not be the intermediate in the intracellular protein trafficking from the ER to vacuolar membranes. V-ATPase has been detected in the Golgi-enriched fraction of tobacco cells [27, 28] . It is possible for the antiporter to use a pH gradient across the Golgi membrane generated by the V-ATPase. In S. cerevisiae, Ca 21 21 concentration at millimolar levels is probably mainly supported by the antiporter. As mentioned for the Golgi apparatus, Ca 21 concentration in the organelles seems to be key for various cellular activities. ER lumen Ca 21 has been reported to be essential for the retention, folding, degradation, and sorting of proteins in the ER lumen in yeast [5, 42, 43] . There are few reports on the physiological significance of high vacuolar Ca 21 concentrations for biochemical events in vacuoles, although Hirschi [44] reported that the overexpression of Arabidopsis CAX1 in tobacco increased sensitivity to cold shock and ion imbalances. It can be assumed that Ca 21 is essential for certain processes in vacuoles, such as degradation and recycling of macromolecules and regulation of membrane transport systems. Further examination by gene manipulation, such as expression of the antisense DNA, should resolve the cellular function of the antiporter in the regulation of both [Ca 21 ]cyt and Ca 21 concentrations in the vacuole and Golgi apparatus.
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